A new strategy for the preparation of a lignin phenol formaldehyde (LPF) resin has been developed. Nanolignin with high specific surface area and porous structure with an average particle size of about 300 nm was prepared, used as the raw material to substitute phenol partially, and combined with formaldehyde to produce a wood adhesive. The results show that the artificial board prepared with a nanolignin phenol formaldehyde (NLPF) resin with nanolignin substitution degree of 40% wt for phenol could give a dry bond strength of 1.30 AE 0.08 MPa, which is 1.85 times that of the Chinese national grade 1 plywood standard (0.7 MPa) and whose formaldehyde emission of 0.40 mg L À1 meets the standard of GB/T 14732-2006 (E 0 , 0.5 mg L À1 ). TG and DSC analyses show that the replacement of phenol by nanolignin could improve the thermal stability and decrease the curing temperature of the prepared lignin-based resin, with the residual ratio of 40% NLPF being 45% wt at 800 C and the curing exothermic peak being 145.4 C, which are much better than that of the 40% LPF resin with the residual ratio being 40% wt and the exothermic peak being 186 C, respectively. The present study provides a new thought for preparation of LPF resins.
Introduction
Adhesives have been playing a signicant role in the wood manufacturing industry for the past several decades. Phenol formaldehyde (PF) resin, epoxy resin, and unsaturated polyester resin are considered to be the three main thermosetting resin adhesives. 1 The PF resin is a kind of synthetic polymer obtained from the reaction between phenol and formaldehyde. 2 Since the PF resin has the characteristics of low initial viscosity, strong water-resistance, and excellent thermal stability, 3, 4 it has been widely used in the manufacture of plywoods, laminates, oriented strand boards, etc. 5 However, the raw materials used in the preparation of the PF resin, viz., phenol and formaldehyde, are rened from petroleum products, 6, 7 which are not only expensive but also non-renewable. At the same time, during the manufacture and application of the articial board, the PF resin releases free aldehyde, which is a potential 2A-level carcinogen that can irritate the eyes, iname the throat, and damage the respiratory tract. [8] [9] [10] In view of the increasing concerns towards human health and shortage of petroleum resources, the development of green and low toxicity wood adhesives has attracted much interest in the recent years. [11] [12] [13] [14] As a natural and non-toxic material, 15 lignin is an aromatic hydrocarbon polymer composed of phenylpropane units, with a large number of unsubstituted active hydrogen and phenolic hydroxyl groups in its benzene ring structure and numerous alcoholic hydroxyl and other active functional groups in its side chain, which make lignin a potential substitute for phenol in the synthesis and preparation of a lignin phenol formaldehyde (LPF) resin. [16] [17] [18] Some researchers replaced phenol partially with lignin to prepare the LPF resin. [19] [20] [21] However, compared with phenol, the steric hindrance in the lignin molecule results in its reaction sites being covered, 22, 23 which eventually restricts the application of lignin in the preparation of the PF resin.
Scholars from all over the world have presented various methods to improve the reactivity of lignin, among which phenolation, hydroxymethylation, and demethylation are the three main reactions studied. For example, Podschun et al. 24 studied the phenolation process of beech lignin by loading phenol into the substrate at 110 C with NaOH as the catalyst and found that the maximum phenolation level of each lignin C 9 unit in beech lignin can reach 1.8 phenol; therefore, the reaction sites of lignin to formaldehyde increased. Taverna et al. 25 introduced hydroxymethyl groups in black liquor lignin by reacting with formaldehyde in a hot, weakly basic medium for 1 h; the hydroxymethyl lignin obtained was then used to substitute phenol for the preparation of a phenolic resin and it was found that when the substitution ratio of lignin to phenol was 20%, the prepared LPF resin can be used for producing a high pressure laminate. Li et al. 26 used S, NaHS, Na 2 SO 3 , and n-dodecyl mercaptan as nucleophilic agents to prepare demethylated lignin (DL) under normal pressure and found that when the substitution rate of lignin to phenol was 30%, the bond strength of 30% demethylated lignin phenol formaldehyde (DLPF) resin could reach 0.94 MPa, which met the standard of exterior-grade plywood panels (0.7 MPa). The TG results indicated that the 30% DLPF resin exhibited good thermal resistance with a weight residue of 57.8% at 700 C. Although the reactivity of lignin can be greatly improved through phenolation and hydroxymethylation, which are the two commonly used modication methods, they still use phenol and formaldehyde as the raw materials, respectively. In the demethylation process, the demethylating agents such as sulfur powder and ndodecyl mercaptan have low water solubility and poor dispersion, and sodium hydrosulde has a pungent odor, which makes demethylation a non-green process. Furthermore, in many studies, LPF resins exhibited lower reactivity in the curing reaction; thus, a higher temperature would be needed to achieve complete curing. [27] [28] [29] [30] In industrial applications, a lower curing temperature means that less energy and lower cost would be required, which would facilitate the mass production of wood adhesives.
In this paper, a novel mild and green strategy for the preparation of a LPF resin was developed. Alkali lignin was rst dissolved in ethylene glycol at room temperature and then, the lignin nanoparticles were precipitated under acidic environment. The morphology, porosity, structure, particle size, and surface charge of the nanolignin particles were characterized by transmission electron microscopy (TEM), Brunauer-Emmett-Teller (BET) measurements, Fourier-transform infrared spectroscopy (FT-IR), dynamic light scattering (DLS), and zeta potential. Nanolignin was then used to substitute phenol partially and was reacted with formaldehyde to synthesize a nanolignin phenol formaldehyde (NLPF) resin. The physical properties, bond strength, and formaldehyde emission of NLPF were tested according to GB/T 17657-2013. The thermosetting and thermal stability properties were evaluated by differential scanning calorimetry (DSC) and thermogravimetric analysis (TG).
Experimental

Experimental reagents
Ethylene glycol, formaldehyde, phenol, and urea, etc., used in this experiment were all obtained from local chemical companies. The alkali lignin used was from Adamas and all the experimental reagents were of analytical grade (AR).
Preparation and characterization of nanolignin and alkali lignin
1.4 g lignin was dissolved in 50 mL ethylene glycol, the insoluble impurities were removed by ltration aer 4 h stirring, and then hydrochloric acid (4.00 cm 3 , 0.025 mol L À1 ) was added to the lignin ltrate solution at the rate of 4 drops per min. The solution was dialyzed in a 3 L beaker for three days with water changed three times a day. The lignin nanoparticles were recovered aer precipitating in dilute HCl at pH 2, followed by centrifugation and ultrasonic cleaning to achieve neutral pH.
The morphology of nanolignin and alkali lignin was characterized by TEM. The specic surface area and average pore diameter were measured at 200 C by BET method. The size distribution and zeta potential were characterized by a nanoparticle sized zeta potential analyzer and the structure was analyzed by FT-IR.
Preparation and characterization of NLPF adhesives
NLPF was prepared by substituting nanolignin (0, 10, 20, 30, 40, 50, and 60% wt) with different amounts of phenol. The molar ratio of phenol (lignin and phenol) to formaldehyde remained constant at 1.0 : 1.8 in all the tests. First, phenol, proportionally substituted nanolignin or alkali lignin, formaldehyde (37% wt), and 8 mol L À1 NaOH (10% wt of the mass of the phenolic resin, added as the catalyst) were placed in a 100 mL three-necked ask. A thermostat water bath was used to maintain a uniform temperature around the ask with stirring. The amount of formaldehyde and NaOH was 2/3 rds of the total amount. The ask was gradually heated to 65 C in 30 min and maintained at this temperature for 10 min; then, the rest of the NaOH solution as well as formaldehyde solution, and urea (4% wt, used as formaldehyde absorbent) were added to the three-necked ask. The temperature was then slowly increased to 85 C and was kept constant for 4 h. Finally, the system was cooled to room temperature and the prepared resin was stored at 21 C until performance characterization.
The structure of NLPF and LPF resins were characterized by FT-IR. The properties of the prepared resins, such as, solid contents, viscosity, free formaldehyde, pH, and formaldehyde emission, were determined using Chinese standard methods (GB/T14074-2006). The dry and wet bond strengths were tested according to GB/T 17657-2013. The curing behavior and thermal stability were evaluated by DSC and TG. Alkali lignin particles ( Fig. 1a ) are irregularly structured, while the nanolignin particles ( Fig. 1b ) are much smaller than those of alkali lignin. A part of the nanolignin particles agglomerate, indicating that nanolignin was successfully prepared. As can be seen from Table 1 , the specic surface area of lignin is 0.5071 m 2 g À1 , which is only about one tenth of the specic surface area of nanolignin (5.3765 m 2 g À1 ). The pore volume of nanolignin is 0.0092 cm 3 g À1 , which is 11 times the pore volume of lignin (0.0008 cm 3 g À1 ). The high specic surface area and porous structure of nanolignin increase the contact between nanolignin and formaldehyde, which result in the enhanced reactivity of nanolignin.
Results and discussion
Characterization of nanolignin and alkali lignin
The size of nanolignin particles was analyzed by DLS; the results are shown in Fig. 2 and Table 2 . As can be seen from Fig. 2 , the majority of particle sizes of the nanolignin concentrate are between 300 and 500 nm. Table 2 describes the particle size distribution from D10 (10% of the total particles are below this diameter) to D90 (90% of the total particles are below this diameter). It can be seen from Table 2 that although the size distribution falls in a wide range, the average size of nanolignin is only 343 nm, with the particle dispersion index (PDI) of nanolignin of 0.327. Fig. 3 shows the FT-IR spectra absorption peaks of alkali lignin and nanolignin. The characteristic peaks of the main functional groups in the latter were similar to those in the former, indicating the structural similarity between the two kinds of lignin. For example, the absorption band around 3400 cm À1 is attributed to the aromatic and aliphatic -OH groups, the absorption band at 2900 cm À1 is related to the asymmetric vibration of -CH 2 , and the stretching vibration of C]C in benzene ring is at 1600 cm À1 . However, some differences could still be found, such as the stretching vibration of C]C in benzene ring that changes from 1596 cm À1 in alkali lignin to 1620 cm À1 in nanolignin; the stretching vibration peak of ether C-O-C shied from 1121 cm À1 to 1219 cm À1 ; and the peak of C-O moved from 1041 cm À1 to 1119 cm À1 . Gupta et al. 31 presented that during the preparation of nanolignin, the free -OH in the solution would be bound to the surface of the nanolignin monomer, which causes the absorption peak in the infrared spectrum of nanolignin to move towards longer wavelength.
The surface charge of alkali lignin and nanolignin are characterized by zeta potential at pH 7 ( Fig. 4 and Table 3 ). Nanolignin has a zeta potential of À49.5 mv, which is lower than that of alkali lignin (À17.8 mV), indicating that nanolignin can be easily combined with partially positively charged C atom in the C]O group of formaldehyde.
Since nanolignin has the characteristics of porosity, higher specic surface area, smaller particle size, 32 and lower surface charge, the reaction between formaldehyde and the phenolic units of nanolignin will be more advantageous than that with alkali lignin. Also, it is reported that the introduction of -OH group (FT-IR) could increase the activity of the reaction between nanolignin and formaldehyde, which therefore improves the replacement rate of phenol in nanolignin and reduces the demand for phenol in the synthesis of the NLPF resin. 33 
Structure and performance analysis of the NLPF resin
The FT-IR spectra of PF, 40% LPF, and 40% NLPF resins are shown in Fig. 5 ; it was found that the addition of alkali lignin or nanolignin had no signicant effect on the PF resin in terms of the chemical structure. Table 4 shows the performance of different resin samples. It can be seen from Table 4 that as the substitution rate of the NLPF resin replacement by nanolignin increases, the viscosity and density of the NLPF resins increase accordingly because the molecular weight of nanolignin is larger than that of phenol and thus, the addition of nanolignin increases the molecular weight and the internal frictional resistance of the NLPF resin. The viscosity is correspondingly increased meanwhile, compared with liquid phenol; the addition of solid nanolignin does not change the volume of the reaction system and therefore, the density of the NLPF resin is enhanced. The pH of the NLPF resins gradually increases as the substitution rate of phenol by lignin increases because phenol is acidic and the replacement of phenol with neutral nanolignin increases the alkalinity of the NLPF resin. For the solid content of the NLPF resin and free aldehyde, since the reactivity of nanolignin is not as high as that of phenol, in the process of producing NLPF, the reaction between formaldehyde and nanolignin/phenol might be partially completed and some unreacted formaldehyde could lead to decrease and increase in the solid content and free aldehyde of NLPF, respectively, as the substitution rate of phenol replacement with lignin increases. However, the solid content of all the NLPF samples is higher than 40% and the free aldehyde of these NLPF resins (nanolignin replacement ratio # 40%) is lower than 0.3%, which are in accordance with the Chinese standard (GB/T14074-2006). Furthermore, compared with the general 40% LPF resin, the free aldehyde content of the 40% NLPF resin (0.2802%) is less than 1/10th of the free aldehyde content of 40% LPF (3.2007%). The content of free aldehyde in 50% NLPF and 60% NLPF resins is higher than the national standard, indicating that some further work should be conducted to reduce free aldehyde in the NLPF resins.
Compared with other kinds of phenol substituted PF (Table  5 ), for NLPF, the raw material nanolignin could be prepared at room temperature, while for DLPF, LPBLPF, EHLPF, and PSF, high temperature or high-pressure conditions are required. Furthermore, the bond strength of NLPF is greater than other kinds of phenol substituted PF resins at the same or higher substitution rates. The mild preparation conditions of nanolignin and excellent performance of NLPF at high substitution rate could reduce the energy and production costs, and promote the application of the renewable material nanolignin instead of fossil material phenol in the industrial production of NLPF resins. Fig. 6 shows the tensile strength of PF, NLPF, and LPF. Table  6 gives the corresponding maximum failure load. According to the Chinese national standard GB/T 17657-2013, the bond strength of plywood is calculated as follows:
where P (MPa) is the bond strength of the plywood, F max (N) is the maximum failure load of the plywood, and b and l are the width and the length of the shear section of the plywood. Fig. 7 describes the bond strength of different resin samples and the formaldehyde emission from plywoods prepared with these resins. The formaldehyde emission of PF and all the substituted NLPF samples are lower than that of the Chinese standard (E 0 ), which means that the plywood prepared by NLPF can be applied to various indoor and outdoor environments. In addition, it can be seen that the dry and wet bond strengths of the NLPF adhesives show a tendency to rise rst and then fall. The bond strength of all the NLPF adhesives is higher than that of the PF resin, except that of 60% NLPF. The bond strength of NLPF keeps increasing as the substitution rate of phenol with nanolignin increases from 10% to 30%. When the substitution rate of phenol with nanolignin is 30%, the dry and wet bond strengths of the plywood reach 1.59 MPa and 0.89 MPa, respectively; as the substitution rate increases to 40%, the dry and wet bond strengths reduce to 1.30 MPa and 0.85 MPa, which nevertheless increase by 14.6% and 5.3% in comparison to those for 40% LPF, respectively. The addition of nanolignin increases the dry and wet bond strengths of the NLPF adhesive 36 because nanolignin is an excellent cross-linking agent for the synthesis of NLPF resins compared with phenol. However, since nanolignin is less reactive than phenol, excess nanolignin (lignin to phenol ratio: 40% to 60%) would make the synthesis of the NLPF resin incomplete and the bond strength decrease, which however, is still higher than the national standard (0.7 MPa). For industrial production, the higher substitution rate of phenol with nanolignin means that less phenol will be used in the synthesis of NLPF, which would facilitate the green production of wood adhesives and exert a profound and signicant effect on the conservation of fossil resources.
In the process of measuring the bond strength of the plywood, when the bond strength is greater than the strength of the wood, the wood is rst broken by the external force and the bond layer remains stable, and then the wood failure rate of the plywood reaches 100%. When the bond strength is similar to or less than the strength of the wood, both the wood and the bond layer are broken to some extent and then, the wood failure rate of the plywood reduces correspondingly. The wood failure percentage of PF, NLPF, and LPF resins is shown in Table 7 . The wood damage rate of most of the plywoods is 100%, which means that the bond strength of NLPF resins is higher than the strength of pine wood, even for 10% NLPF whose wet bond strength is 0.62 MPa. For the wet bond strength of 40% LPF and 60% NLPF, 80% and 60% wood failure are obtained because the free formaldehyde of 40% LPF and 60% NLPF resins are high; thus, the water resistance of the two resins decreases and the wet bond strength is also reduced. Fig. 8 shows the DSC diagram of PF, 40% LPF, and 40% NLPF resins. It can be seen that the exothermic peaks produced in the process of the curing reaction varied from 180.3 C (PF resin) to 145.4 C (40% NLPF) and 186.1 C (40% LPF). Compared with PF and 40% LPF resin, the peak temperature of the 40% NLPF resin decreases signicantly, and a wider exothermic peak is obtained, indicating that NLPF has better reactivity than PF and LPF resins in the curing reaction and that the curing reaction can occur in a wider temperature range. It is reported that the smaller size of nanolignin causes the -OH functional groups, which are surrounded by highly crosslinked three-dimensional network in the lignin structure, to be more exposed on the nanolignin monomer, which makes nanolignin a remarkable crosslinking agent in the curing reaction. 37, 38 The 40% LPF resin gives a sharp exothermic peak and a higher peak temperature than the ordinary PF resin, which might be because the high content of free formaldehyde in LPF triggers the crosslinking reaction in the curing process. Meanwhile, compared with nanolignin, the lower reactivity of alkali lignin leads to a higher curing temperature for LPF than that for NLPF. 39 It is well known that a lower curing temperature of the resins will bring about reduced temperature at hot pressing and reduction in cost for producing articial wood boards. The excellent curing performance makes economic sense for NLPF to be widely used in wood-based panel manufacturing.
Curing behavior analysis of NLPF resins
The thermal decomposition and thermal stability of the PF, NLPF, and LPF resins were measured and the results are shown in Fig. 9 . The thermal degradation of the resins is mainly divided into three parts: post-curing (100-250 C), thermal reforming (250-500 C), and ring-stripping (500-800 C). In the post-curing part, the heat loss is generated by the escape of water produced in the condensation reaction of the methylol groups. It can be seen that when the temperature reaches 250 C, the residual ratio of the PF resin is 87%, the residual ratio of the 40% NLPF resin is 82%, and the residual ratio of the 40% LPF resin is 75%. In the process of thermal reforming, the heat loss is caused by water formed in the condensation reaction between the methylene group and the phenolic hydroxyl group. The residual ratio of PF, 40% NLPF, and 40% LPF resins comes to 68%, 55%, and 48%, respectively, when the temperature reaches 500 C. In the ring-stripping part, the heat loss is caused by carbon monoxide and methane formed in the degradation of the methylene bridge. It can be seen from the gure that when the temperature reaches 800 C, the residual ratio of PF, 40% NLPF, and 40% LPF resins is 54%, 45%, and 40%, respectively. Because nanolignin is not as reactive as phenol, 40% NLPF has a lower solid residue rate than PF. However, compared with the 40% LPF resin, the 40% NLPF resin exhibits a larger residual weight at 800 C, which demonstrates the better reactivity of nanolignin than alkali lignin. The introduction of more reactive nanolignin could facilitate higher degree of polymerization of the phenolic resins, thereby resulting in more weight residues at high temperature.
Conclusions
Nanolignin with a high specic surface area, porous structure, and lower zeta potential with an average particle size of about 300 nm was prepared, used as the raw material to substitute phenol partially, and to combine with formaldehyde to produce wood adhesives. The NLPF with phenol substitution with nanolignin degree of 40% had a bond strength of 1.30 AE 0.08 MPa, which was 1.85 times of the national grade 1 plywood standard (0.7 MPa). The formaldehyde emission amount of the plywood prepared from 40% NLPF was 0.40 mg L À1 , which was E 0 grade and met the GB/T 14732-2006 standard. The curing behavior analysis showed that the substitution of phenol with nanolignin signicantly reduced the curing temperature from 186.2 C (40% LPF) to 145.4 C (40% NLPF). The thermal stability result indicated that the residual rate increased from 40% (40% LPF) to 45% (40% NLPF) at 800 C. Compared with the conventional technology, the reaction conditions were mild, phenol and formaldehyde were not used, and no other byproducts were produced in the process of modication. The present study provides a new idea for the green production of phenolic resins. 
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